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SUMMARY OF PROJECT
Data Base Management and Analysis of Fisheries in Illinois (Project F-69-R(4-6)) is a
continuation of F-69-R(1-3) and F-46-R with significant additions. The Final report is
divided into four Aquatic Ecology Technical Reports 93/6 through 93/9:
"Fisheries Analysis System (FAS): STATE FAS Database and Programs" (93/6)
describes the design of the new statewide database based on Paradox 4.0. Uploading,
text outputs, and reporting procedures are described. A new set of stand-alone
programs to output catch-per-unit-effort, stock indices, length frequencies, and
condition factors from the statewide database are described. Updates to DOC9
DISTRICT FAS programs are described, in addition to a new program that outputs
limnological data.
"Fisheries Analysis System (FAS): Creel Survey Analyses" (93/7) summarizes
results from 107 annual daytime creels begun in F-69-R(1-3), F-29-D, and continued
through F-69-R(4-6). A highly stratified random design produced 95% confidence
limits of ±10-30% of mean total harvest and ±5-15% of total angling effort for most
of the daytime creel surveys, which included impoundments ranging from 13 to
18,900 acres. Increasing the proportion of day-periods sampled from 30 to 45-55%
imporoved the precision of estimates on smaller lakes, but precision was already
relatively low for large lakes (with more than one section) at the 25-35% level.
Therefore, sampling costs could be reduced on larger lakes with minimal loss in
precision. Seventy-eight percent of the variation in log(harvest/area) was explained
by log(angler-hours/area). This strong, linear relationship indicated that high
angling intensities did not result in a reduction in total harvest. Also, a preliminary
analysis across lakes suggested that high yields were not obtained at the expense of
smaller fish.
"Environmental Classification of Illinois Lakes and Relationships with fish
communities" (93/8) is the first analysis that attempts to classify Illinois lakes
according to physico-chemical features and relate this classification to fish species
and guilds. This provides a first step towards understanding, and eventually
managing, groups of ecologically similar lakes, and to utilizing group members as
treatments and controls in experimental management programs.
Finally, the "Compendium of 142 Illinois Lakes: bathimetry, physico-chemical
features, and Habitats" (93/9) contains the first detailed information on a large set of
Illinois lakes of use to managers and researchers. This is a culmination of field work
begun during F-46-R in 1985. Maps indicate bathimetry, shoreline habitat types, and
Illinois Department of Conservation fish sampling locations. Tables describe
physical, chemical, and historical information on each lake.
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EXECUTIVE SUMMARY
The development of the Fisheries Analysis System has provided district fisheries
managers with a powerful tool for the handling and analysis of annual fish
population survey data. However, one of the most beneficial aspects of FAS is its
utility as an applied research tool because of the statistical power provided by large
quantities of standardized samples from a diverse assemblage of lakes. This power
is essential to overcome the high sampling variances within lakes and evaluate
management strategies accross lakes. However, to account for differences among
lakes resulting from environmental effects it was neccessary to develop a complete
set of data that characterises the limnology, morphometry, and other pertinent
qualities of each lake for which FAS contains significant amounts of fisheries data.
The collection and presentation of these data forms the bulk of this report and is in
the form of tables giving descriptions of the lakes and two maps, one giving
hydrographic details, the other showing location of Illinois Department of
Conservation sampling stations and habitat descriptions collected by the INHS. We
believe that these maps and the supporting data will also be directly useful to
management biologists and anglers.
As a first attempt at summarizing this lake data set and the associated fisheries
data (in FAS) we developed a lake classification system based on an analysis of 18
limnological, morphometric and climatic variables describing 144 lakes. This
resulted in a classification consisting of 11 lake categories which were determined by
four major groups of characteristics; (1) lake size, (2) climate and alkalinity, (3)
retention time and depth, and (4) percentage of the lake as littoral zone. The 11
categories range in character from a group of small, relatively deep northern Illinois
lakes (e.g., Bangs Lake) to a group of large, centrally located, moderately deep lakes
with relatively small littoral zones (e.g., Lake Sangchris). This classification should
be viewed as a first step in a process of refinement so that, eventually, lakes within
particular sets can be regarded as replicated for anayses of fish populations,
communities, and design of management strategies. Further classifications will
evolve after analysis of the appropriateness of these data and of relationships
between the lake classes and their fish communities.
Concurrent with lake classification, fisheries data based on electrofishing and gill
netting was compiled from FAS for 41 lakes. These lakes were selected because the
sampling met minimal sampling requirements suggested by previous work. The
sample data were then corrected for efficiency using calibration equations also
developed in a previous study. This resulted in estimated standing stocks of fishes
for each of these lakes. We first looked at patterns in species abundances based on
species richness and equitability. The fish communities were also assessed based on
guild systems developed in Austen (1992) as well as the reproductive guild system of
Balon (1975). We then utilized canonical correspondence analysis (CCA) to
delineate relationships between lake characteristics and fish communities. CCA is a
direct gradient analysis technique that defines relationships between two sets of
independently collected data- in this case between lake physical and chemical
characteristics and the estimated biomass of the major fish species in the lake.
Frequently, lakes appeared to have characteristic species abundance patterns.
Larger lakes tended to have concave species abundance patterns indicative of 2-4
very abundant species, a large proportion of species at moderate abundance levels,
and a large number of infrequent or rare species. This pattern was consistent over
years even though there were often changes in the species that were of the highest
abundance. Small and moderate sized lakes often had linear or convex abundance
patterns. This was indicative of several species being of moderate abundance and
usually no single species being highly abundant. Usually there were fewer
infrequent or rare species in these lakes.
In general, the CCA seemed to support the lake classification although there was
some noise in the data which was to be expected. Some fish species guilds were
closely associated with specific lake classes while other guilds tended to be more
dispersed acress lake classes. For example, the spawning guild S9 (Austen 1992)
comprised of golden redhorse, shorthead redhorse, northern pike, grass pickerel,
and white sucker, were mainly associated with lake group J which was characterized
as being small, small, cool climate, high alkalinity lakes with a relatively large
littoral zone. Guilds S10 (gizzard shad, freshwater drum, striped bass) and S8
(walley, perch, yellow bass, white bass, muskellunge, bigmouth buffalo) were mainly
associated with large, moderately deep, warm climate lakes, with small littoral
zones. It is expected that refinement of the lake category classification and further
data on fish community structure will allow for better characterization of
community expectiations for various lake types.
This study provides the framework for developing a new approach to fisheries
management in Illinois. If lakes of similar types do respond in a predictable manner
to management programs then we can extend the management to other lakes in
that lake category. A further utility of this analysis is in the design of experimental
management studies. Management programs could be initiated on selected lakes
while maintaining other, similar lakes, as "controls" to assess the true impact of the
management program. Lakes should be managed based on the fish communities
that are most appropriate for that particular body of water rather than reacting to
angler pressure groups. This should result in lower management costs for a given
quality of fishing, and a greater emphasis on restoration of environmental features
that enhance fish production.
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INTRODUCTION
If a lake is defined as any lentic body of water, 85,305 individual natural lakes,
ponds, reservoirs and other types of lakes exist in Illinois. Of these, 2,940 have a
surface area greater than 2.43 ha (6 acres) (EPA 1990). These lakes cover all areas of
the state (Figure 1; Appendix A) and vary widely in morphometry and limnology
(see discussion below and Appendices B and C). The Illinois Department of
Conservation divides lakes into five categories: (1) Reservoirs - the three U.S.
Army Corps of Engineers reservoirs, (2) public lakes - lakes owned by a public entity
other than the state of Illinois, (3) state owned lakes, (4) private lakes, and (5)
organizational lakes - those owned by a group of people. By far the numerical
majority of lakes fall in the private category (Figure 2) but these are generally small
and do not add up to a large amount. However, there are limited data to quantify
usage of these lakes so it is possible that they may provide a large recreational
resource. By area (exclusive of Lake Michigan and rivers), public and state owned
lakes and the three reservoirs provide the largest acreage of available lentic water in
the state
Describing this diversity of lakes and the fish communities that inhabit them,
even in a state as seemingly homogeneous in physiography as Illinois, is difficult.
Illinois spans 652 km (405 miles) from north to south and has a growing season of
140 days in the northwest and 210 days in the south. The state is bordered and
transected by major rivers and encompasses parts of diverse physiographic regions
such as the Wisconsin Driftless Area, large expanses of glaciated terrain, and the
most northern extension of the coastal plain physiographic division. Superimposed
on this are various types of land-use such as agriculture, forest, and urban, which
often reflect the physiographic regions, but also may greatly modify them. The lakes
formed in these areas, either naturally or man-made, display the characteristics of
the land upon which they lay and, thus, are correspondingly diverse. Therefore, as
an integral part of explaining the nature of the fish communities one must describe
the origin, morphometry, and physico-chemical conditions of each lake; in total, the
support systems upon which each ecosystem is based. This is a problem that can be
simplified by lake classification.
The purposes of lake classification are many: (1) groups of similar lakes can be
managed in similar ways thus possibly allowing for improved allocation of
sampling and management effort, (2) if similar lakes can be considered "replicates"
we can set up "natural experiments" to investigate such issues as fish stocking
success or management regulations (e.g., McAllister and Peterman 1992), (3) the
process of classification forces one to delineate the important factors that
characterize a lake from redundant variables or ones that contain little diagnostic
information (e.g., those that vary little from lake to lake).
In this report we attempt to tabulate the physico-chemical characteristics of a
subset of Illinois lakes (primarily given in Part II of this report, Description of a
Selected Set of Illinois Lakes,) the fish communities that inhabitat these lakes, and
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Figure 1. Locations of Illinois lakes as referenced by number in Appendix A.
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the potential for improved allocation of management effort on these lakes. Thus,
Part I of this report will be divided into several sections:
(1) A discussion of physical and chemical characteristics of a subset of Illinois lakes.
This will include an analysis of these variables and suggest a classification
scheme based on these characteristics.
(2) Description of fish communities in these lakes and the relationships between
the fish communities and the lake characteristics. This will be accomplished by
use of community ordination procedures.
(3) Finally, we briefly discuss the potential for a new scheme for allocation of
sampling and management effort by the Illinois Department of Conservation
(IDOC). Due to severely constrained financial resources, the IDOC has limited
resources with which to manage these lakes. Sixteen fisheries management
biologists are responsible for the bulk of lake fisheries management in Illinois.
Present IDOC management covers only 30% of state waters, 20% of public waters,
3% of organizational and private waters. Thus we attempt to lay the
groundwork for the development of a more ecologically relevant means of lake
management based on classification of lakes into categories which are similar in
limnology and morphometry. Such a procedure would group similar lakes
together in such a way that selection of lakes to be sampled could be based on a
stratified design where the strata are lakes of a given type. Ideally, such a process
would permit more reliable generalizations to be made for more state-managed
lakes without increasing investment in management.
METHODS
Limnological Description of Lakes
Lake Morphometry
For each lake an attempt was made to obtain either a recent hydrographic map or
a pre-impoundment topographic map of the basin. In general, pre-impoundment
maps were obtainable for power plant lakes and impoundments created since about
1970. In addition, agencies such as the Illinois State Water Survey (ISWS) and the
Lake County Health Department have bathymetric. If the map was over 20 years
old, we generally visited the lake and assessed it for evidence of significant siltation.
If this was the case we re-mapped sections of the lake, such as the upper end and
coves with inflowing streams.
In some cases it was necessary to create original maps. This proceeded as follows:
(1) an outline of the shoreline was obtained either from aerial photographs or from
United States Geological Survey (USGS) 7.5' topographic maps, (2) using a graphing
sonar (Si-Tek HE-357 or Eagle Mach 1) straight, constant-speed transects were made
between known points on the shoreline of the lake (the number of transects
depending on the complexity of the bottom contours), (3) the sonar strip chart of the
transects was interpreted and drawn on to an enlarged copy of the lake outline, (4)
contours were hand drawn on the map, (5) all maps were then either digitized or
scanned and entered into the ARC/INFO geographic information system (GIS)
operated by the Illinois Natural History Survey, (6) coverages were then converted
into Lambert feet coordinates by locating the map on a 7.5' USGS topographic map
and digitizing reference points both on the map and on the quadrangle for which we
had known Lambert feet coordinates, (7) depths were assigned to the contours, and
the GIS gave length of each contour and areas between adjacent contour lines. It
should be noted that, due to limited resources, the maps were developed in a
manner such that the accuracy of depths is no better than approximately 0.5 meter,
an amount that was deemed appropriate for broad scale biological research but
which may be unsuitable for engineering and navigation purposes.
From these data surface area, maximum depth, and shoreline length were
calculated. All GIS data were stored in English units and, where necessary, were
converted to metric equivalents. Volume, shoreline development index (SDI), and
mean depth (z) were calculated by the formulas in Wetzel (1975):
(1) V = Li=1 to n [h/3 (Ai + Ai+1 + 1(Ai + Ai+l))]
where: V = volume (ft3)
h = vertical depth of the stratum (ft)
i = number of depth stratum
Ai = area at depth i (ft2)
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SDI =
2 I( * Ao)
where: L =
Ao=
length of shoreline (m)
surface area of lake (m2)
z = V/Ao
where: z = mean depth (m)
V = volume (m3)
Ao = surface area (m2)
Dv= 3* (z / Zm)
where:
(Cole
Dv=
z =
Zm =
1979)
volume development
mean depth (m)
maximum depth (m)
Watershed area was taken from literature sources or calculated from USGS maps.
Retention time is typically calculated as lake volume divided by annual outflow.
Because annual outflow was rarely available the retention time for each lake was
calculated based on a method described in IEPA (1978a) as follows:
Retention time (years) =
storage capacity (m3)
annual runoff (m3/y)
where: storage capacity is the amount of water that the lake holds.
Annual runoff was taken from figure 5 in IEPA (1978a) (in inches
per square mile per year). This was converted to cubic
meters of runoff per year for the watershed.
The maximum potential depth of macrophyte colonization was used as an indicator
of littoral zone depth and was estimated from the formula given in Chambers and
Kalff (1985):
zc = [1.33 loglo (D) + 1.40]2
where: zc = maximum depth of macrophyte colonization (m)
D = Secchi disk depth (m)
Percentage of lake surface area that is within the littoral zone and the percentage of
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(2)
(3)
(4)
(5)
the lake volume in the stratum from the surface to the depth of the littoral zone
were calculated. To calculate these statistics I plotted a curve for each lake showing
depth (m) on the x-axis. On the y-axis I plotted (1) the percentage of lake surface area
that is above substrate that extends from the shore down to each depth contour and
(2) the percentage of lake volume in the stratum defined from the lake surface to
each successive depth contour (see Figure 3 for example). From these curves and
the calculated zc, I estimated the actual percentage area and the volume of the lake
within the littoral zone.
Water Chemistry
Data on four variables were collected; Secchi disk depth, conductivity, pH, and
alkalinity. As with the lake mapping data, I first located water chemistry data
collected by other agencies, particularly the IEPA. Where possible I acquired their
data and calculated average values from collections in July or August. When not
available, I measured these directly as follows: (1) Secchi disk depth was measured
during mid-day on the shady side of the boat using a standard 20 cm black and white
disk, with depth recorded as the average of depth where disk fades from visibility
when lowered and when it appears upon being raised, (2) conductivity was
measured at 0.5 m depth using a Hanna Instruments HI 8633 conductivity meter, (3)
pH was measured using a Cole-Parmer model 5985-80 Digi-sense pH meter, (4) total
alkalinity was measured by acid titration to pH 4.5 using 0.02N H2SO 4 with
alkalinity being equal to the number of ml of acid used. Water samples for pH and
alkalinity analysis were taken at 0.5 m depth, chilled, and analyzed that evening in
the laboratory.
Weather Data
One hundred and seventy-five weather reporting stations located throughout
Illinois collect data for the Midwest Climate Information System (MICIS) database.
Latitude and longitude for each weather station in MICIS and lakes in the FAS
database were determined. By finding the smallest Euclidean distance between each
combination of station and lake, the stations were paired with the individual lakes.
From each weather reporting station I obtained two statistics describing gross
temperature conditions. Cooling degree days (also called growing degree days) is the
sum over a year of the difference between the average daily temperature and a base
temperature of 50° F. Length of growing season is the number of days between the
last day in the spring with a 32 F low and the first day in the fall with a 32' F low
(Appendix C ). Both statistics were calculated as the mean value over the period
from 1948 to 1990.
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Figure 3. Example of relationship between depth and percentage of surface
area found above substrate down to that depth (squares) and
volume in the stratum between surface and that depth. Data
is from Mill Creek Lake, IL.
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Missing Data
Due to unforseen circumstances data were not available for all variables for all
lakes. For the purpose of this preliminary classification, missing data were treated
in the following ways: (1) pH (14 lakes) - there were no good predictors of pH, so I
used the overall mean pH (8.17, n=132), (2) alkalinity (3 lakes) - due to obvious
north-south gradients in alkalinity, I used the average alkalinity values for the five
nearest lakes, (3) conductivity (5 lakes) - linear regression was used to estimate
conductivity from alkalinity:
loge conductivity = 5.25 + 0.005 (total alkalinity) (n=140; r=0.547; P<0.001)
(4) Secchi disk depth (6 lakes) - estimated using linear regression with
retention time:
loge Secchi disk depth (cm) = 4.424 + 0.17 (loge retention time)
(n=139, r=0.417, P<0.001)
These estimates are not incorporated into the lake documentation in FAS.
Statistical Analysis
All variables were plotted as histograms and assessed for normality using
Lilliefor's test (Lilliefor 1967) and implemented in Systat (Wilkinson 1989). Where
necessary, variables were transformed using either natural log (surface area, shore
length, watershed, volume, retention time, age, conductivity, Secchi disk depth, and
SDI) or, for percent surface area and volume within the littoral zone, using the
following transformation:
transformed variable = loge IP -loge 4(1-P) (Cox 1983, p. 16-5)
where: P = variable as fraction
Because it was thought that many variables would be multicolinear, I determined
correlation among variables using the Pearson product moment correlation
coefficient. These values were then clustered using average linkage clustering to
visually assess which variables were closely related. All data were then standardized
and principal components analysis (PCA) was performed on all 18 variables.
Varimax rotation was used to better interpret the factors. The components that best
described the data were then chosen, PCA scores calculated by multiplying the
factors by the standardized data matrix, and entered into a cluster program.
Weighted Euclidean distance was used to calculate dissimilarity and the unweighted
pair group method with arithmetic averaging (UPGMA) was used to form clusters.
The dendrogram was then visually assessed to determine lake groups. Finally, to
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determine the major gradients that separate the lake groups I plotted each lake by its
location on the first three principal component axes.
Analysis of Fish Communities
Fisheries Data
Data for this analysis were taken from the Fisheries Analysis System (FAS)
database (Bayley and Austen 1989; species codes given in Table 1). As part of FAS,
fish population sampling using a variety of gears such as AC boat electrofishing and
gill netting was performed by the Illinois Department of Conservation (IDOC).
From the entire FAS database we first selected lakes based on minimal sampling
requirements. Briefly, only lakes sampled with at least two overnight sets of a 38.1
m experimental gill net (stretch mesh sizes of 3.8, 5, 7.6, 10.2, and 12.7 cm) and a
predetermined amount of AC boat electrofishing (for list of lakes meeting these
criteria see Appendix D; general discription of lakes given in Table 2). The amount
of boat electrofishing required depended upon lake size and was: (1) the entire
shoreline for lakes less than _ ha, (2) two hours for lakes of _ to _ ha, and
(3) at least _ hours for lakes greater than _ ha. In those lakes with the
minimal amount of gill net sampling there was always sufficient electrofishing to
meet sampling requirements. These criteria were based on an analysis of IDOC fish
population sample data which suggested that most of species in the lakes were
captured by these levels of effort.
Because these lakes varied greatly in characteristics that are known to affect
sampling efficiency (inshore mean depth and weed cover; Bayley and Austen 1987)
the data must be corrected to account for the differences. Thus raw electrofishing
and gill net data from the IDOC population samples were corrected for sampling
efficiency using logistic regression models (Appendix E) based on the data of Bayley
and Austen (1987) and procedures outlined in Bayley and Dowling (1990).
Application of these equations produced length-frequencies of fish which, for
electrofishing, were corrected for sampling efficiency as affected by fish length,
length squared, weed cover, and mean depth of the inshore zone. As used here, the
inshore zone was defined as that area from shore to 10.9 m out from shore, i.e., the
average distance used in electrofishing calibration samples in Bayley and Austen
(1987). Efficiency equations for gill net data incorporated only fish length and length
squared.
Weed cover (percent of inshore zone surface area with visible weeds at water
surface) was estimated by the IDOC biologist at time of sampling. Inshore mean
depth was estimated by creating a curve for each lake relating mean depth to
distance from shore to each depth contour. The mean depth at the 10.9 m contour
was then interpolated from the curve. Because lakes used in the efficiency
13
Table 1. Three letter species code (FAS code), common name and scientific
names for the 42 major species discussed in this dissertation.
FAS code Common name Scientific name
BGB
BLB
BLC
BLG
BLS
BOW
BRB
BRS
CAP
CCF
EMS
FCF
FHM
FRD
GOF
GOR
GOS
GRP
GSF
GZS
LMB
LOS
MUE
NOP
ORS
PUD
RSF
RVC
SAB
SHR
SMB
STB
THS
ULL
WAE
WAM
WHB
WHC
WHS
YEB
YEP
YLB
Bigmouth buffalo
Black bullhead
Black crappie
Bluegill
Bluntnose minnow
Bowfin
Brown bullhead
Brook silverside
Carp
Channel catfish
Emerald shiner
Flathead catfish
Fathead minnow
Freshwater drum
Goldfish
Golden redhorse
Golden shiner
Grass pickerel
Green sunfish
Gizzard shad
Largemouth bass
Longear sunfish
Muskellunge
Northern pike
Orangespotted sunfish
Pumpkinseed
Redear sunfish
River carpsucker
Smallmouth buffalo
Shorthead redhorse
Smallmouth bass
Striped bass
Threadfin shad
Quillback
Walleye
Warmouth
White bass
White crappie
White sucker
Yellow bullhead
Yellow perch
Yellow bass
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Ictiobus cyprinellus
Ameiurus melas
Pomoxis nigromaculatus
Lepomis macrochirus
Pimephales notatus
Amia calva
Ameiurus nebulosus
Labidesthes sicculus
Cyprinus carpio
Ictalurus punctatus
Notropis atherinoides
Pylodictis olivaris
Pimephales promelas
Aplodinotus grunniens
Carassius auratus
Moxostoma erythrurum
Notemigonus crysoleucas
Esox americanus
Lepomis cyanellus
Dorosoma cepedianum
Micropterus salmoides
Lepomis megalotis
Esox masquinongy
Esox lucius
Lepomis humilis
Lepomis gibbosus
Lepomis microlophus
Carpiodes carpio
Ictiobus bubalus
Moxostoma macrolepidotum
Micropterus dolomieui
Morone saxatilis
Dorosoma petenense
Carpiodes cyprinus
Stizostedion vitreum
Lepomis gulosus
Morone chrysops
Pomoxis annularis
Catostomus commersoni
Ameiurus natalis
Perca flavescens
Morone mississippiensis
Table 2. Descriptive statistics of several characters for the 41 Illinois lakes used
in this analysis.
Character Mean Minimum Maximum
Surface area (ha) 788.6 7.4 9947.5
Maximum depth (m) 9.5 2.13 24.69
Mean depth (m) 3.28 0.54 6.04
Shore length (km) 36.81 1.16 276.75
Shoreline development index 4.35 1.18 14.22
Volume development index 1.14 0.32 2.49
Watershed (ha) 30528.0 10.0 694120.0
Retention time (y) 3.74 0.19 44.94
Volume (m3) 32234.0 109.7 385283.9
Age (from 1988) 44.34 7 128
Secchi depth (cm) 95.3 29.0 609.6
Conductivity (umhos/cm) 436.6 97.7 1829.7
pH 8.42 6.94 9.83
Total alkalinity (mg/l CaCO3) 126.2 30.8 261.3
Pct. vol. littoral 0.45 0.14 0.99
Pct. area littoral 0.32 0.04 0.93
Growing season (d) 177.9 152 206
Growing degree days (50 0 F base) 3472.2 2694 4306
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3.0 m, only lakes in FAS with lesser mean inshore depths were included. Finally,
because the length range of fish in Bayley and Austen (1987) could not include all
fish captured in the IDOC samples, only fish in the FAS database within similarly
defined length ranges were selected (see Appendix E for these length ranges).
Biomass estimates were obtained simply by multiplying the corrected
length-frequency data by parameters from statewide length-weight regression
formulae (Appendix F).
Using an average electrofishing boat speed of 0.43 m/sec (Bayley and Austen
1987) and a calibrated electrofishing zone width of 10.9 m, one hour of electrofishing
sampled an average of 1.69 ha of water. Also, based on average area of zones
sampled in gear calibration experiments, we used 5 ha as the effective area sampled
per gill net (Bayley and Austen 1987). For each lake, I separately averaged the
estimated biomass from electrofishing and gill net samples. Using the shoreline
length and an effective electrofishing sampling width of 10.9 m, we estimated a total
inshore area for each lake and multiplied this by the biomass per hectare for
electrofishing. For gill nets, I subtracted the inshore area from the total lake surface
area to obtain gill net sample area. The average gill net biomass per hectare was
then multiplied by this value to get effective biomass from gill net data. A
summation of the electrofishing and gill net biomass was divided by the lake surface
area to obtain an average biomass per hectare.
In addition to assessing individual species, we utilized the guild concept (Root
1967) which groups together species with similar resource utilization. The use of
guilds allows three major advantages over using individual species as the unit for
analysis. First, in a state with a large north-south gradient, such as Illinois, there are
species whose range may not extend over the entire spectrum of lakes in the data set
(e.g. pumpkinseed is only found in northern Illinois). Thus, by using guilds I was
able create a "common currency" to compare lakes with different species
assemblages, but whose community may be similarly structured in terms of relative
abundance of species or groups of species with similar ecological roles. Second, with
a large number of species and limited number of samples it is often difficult to
insure that patterns detected are truly meaningful. Grossman et al. (1991) suggested
using a minimum of three times as many samples as species. The guild systems as
applied here were developed in Austen (1992) and are comprised of 10-11 species
groups and thus meet this recommendation. A list of species in the various guilds
is given in Appendix G. These procedures resulted in an m x n species matrix with
41 lakes as rows (m) and species or guilds as columns (n).
Statistical Analyses
Species-area relationships, species'richness, and species abundance curves were
formed from the species by samples matrix discussed above. I assessed correlates of
species richness using Pearson correlation coefficients with Bonfferoni corrected
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probabilities. Species abundance patterns were investigated by plotting loglo of
species abundance against rank of species in terms of abundance. Type of curve (log
series, log normal, dynamics model (Hughes 1986) was visually assessed. Evenness
of species distribution in each lake was estimated using the equitability measure (E)
which is based on Simpson's diversity index (Begon et al. 1986). Equitability ranges
from zero to one with zero indicating extreme inequitability and one indicating an
even distribution of abundance among species. The equation is as follows:
1/(XPi2)E = ------
S
where: Pi = proportion of individuals in the sample
contributed by species i.
S = total number of species in the sample
The species by samples and environment by samples matrices were concurrently
analyzed using the multivariate direct gradient technique of canonical
correspondence analysis (CCA) (ter Braak 1986) as implemented in Canoco (ter Braak
1988). CCA is a weighted averaging technique that assumes a unimodal (Gaussian)
species response curve with respect to the environmental gradients (ter Braak and
Prentice 1988). The result of CCA is an ordination diagram that illustrates the main
patterns of community variation and also the patterns of the weighted averages of
each of the species with respect to the environmental variables (ter Braak and
Prentice 1988). Plots of the axes resulting from CCA analysis (joint plots) display the
location of lakes and species in relation to each other, i.e., species that tend to occur
together or in similar environments are located close together in the plots. The
environmental axes are shown as lines extending from the origin and pointing in
the direction of greatest variation. Approximate location of species or lakes in terms
of the influence of each environmental variable can be located by drawing
perpendicular lines from the environmental axes to each species or lake. To test the
significance of the first ordination axes, I ran Monte Carlo permutation tests in
which the sample numbers of the environmental variables are randomly permuted
thus creating a "random" data set (ter Braak 1988). After each permutation a new
CCA is run and eigenvalue calculated. If the species actually are influenced by the
original environmental variables, the eigenvalues resulting from the permuted
data sets would be smaller than that obtained orginally. For all data sets, 100
permutations were run and in no case did a larger eigenvalue occur.
CCA was run on the original species x samples matrix (biomass) and on the guild
x samples matrices (Balon' reproductive guilds and Austen's spawning and trophic
guilds). In CCA the number of environmental variables must be less than the
number of sites but, unlike canonical correlation analysis, the number of taxa may
exceed the number of sites (ter Braak 1986).
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RESULTS
Lake Classification
The diversity of lakes in Illinois was illustrated by the wide variation in the data
describing the lake characteristics (Appendices B and C, Table 3). Lake
morphometry, water chemistry, and climatic conditions all varied greatly, but
generally the limnological and climatic variables showed gradients at the statewide
level while morphometry was locally variable. For example, alkalinity and growing
season (or growing degree days) varied greatly on a north-south axis (Figures 4 and
5), while lake size varied locally but not in relation to any statewide gradient.
Numerous variables were intercorrelated (Table 4) and several of these grouped
together when clustered (Figure 6). Most important were correlations of several
variables that characterize lake size (e.g. volume, surface area, shore length, and
watershed), littoral zone (e.g. percent of lake surface area and volume as littoral
zone and Secchi depth), climate (growing season and cooling degree days), and depth
(mean and maximum depth). Each of these groups of variables can be interpreted as
measuring the same basic characteristic of the lakes. When principal components
analysis was applied to the data set, several of these variables were weighted
similarly in the factor scores (Table 5). In addition, the variance explained by the
first five components was 76.7% indicating that they summarized the data
moderately well. In an attempt to reduce complexity and better elucidate the simple
structure in the data I applied varimax rotation to the factors (Table 6). By
maximizing the variance of the squared loadings of each column, varimax rotation
slightly reduced the percentage of variance explained, but made the components
more easily interpretable (Legendre and Legendre 1983).
Components related to lake size, as indicated by the first principal component
(PC), were the dominant factor in the analysis. Those of the next four PC's all
explained decreasing amounts of variation. These axes could be termed (2)
climate-alkalinity, (3) retention time-depth, and (4) littoral zone percentage, and (5)
pH. The fact that climate and alkalinity are associated in the same factor does not
infer a cause-and-effect relationship between these characteristics; instead it is a
chance artifact of the geomorphological zones being oriented north-south. The rest
of the components accounted for minor amounts of the variation and are
disregarded in subsequent analysis. In addition, because the variance explained by
the fifth principal component (pH) in the varimax rotation was substantially lower
than the other components, it was ignored in further analysis.
Because no factor dominated the analysis, one would expect that there would
not be distinct separation of the lakes into categories. This was supported by the
UPGMA cluster analysis of the four primary lake scores (varimax rotated) as output
from the PCA (Figure 7). There were few clearly demarcated usters of lakes and
intergradation was common. A preliminary interpretation of the dendrogram
resulted in the formation of 11 groups of lakes. By calculating mean values
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Table 3. Descriptive statistics of several characters for Illinois lakes.
Number Standard Standard
Character of lakes Mean Min. Max. deviation error
Surface area (ha) 145 319.1 1.3 9947.5 1120.18 93.03
Max. depth (m) 145 8.36 1.52 24.69 4.48 0.37
Mean depth (m) 145 3.14 0.41 9.60 1.47 0.12
Shore length (km) 145 20.10 0.73 276.75 38.33 3.18
SDI 145 3.68 1.10 14.22 2.56 0.21
Dv 145 1.20 0.32 2.49 0.342 0.028
Watershed (ha) 145 14816 10.00 694120 71038 5899.44
Retention time (y) 145 2.27 0.002 44.942 4.85 0.40
Volume (m3) 145 11986 39.2 385284 47331 3930.67
Age (to 1988) a 122 38.25 7 128 23.58 2.13
Secchi depth (cm) 139 102.76 12.70 792.48 99.54 8.44
Conductivity 140 460.8 47 1829 271.58 22.95
(umhos/cm)
pH 131 8.17 5.8 9.83 0.62 0.05
Total alkalinity 142 138 20 298 59.35 4.98
(mg/l CaCO3)
Pct. vol. littoral 143 0.45 0.03 1.00 0.228 0.019
Pct. area littoral 143 0.335 0.02 1.00 0.229 0.019
Growing season (d) 145 176.2 152 206 13.83 1.15
Growing degree 145 3416 2618 4330 515.7 42.8
days (50TF base)
a age was the actual age for all artificial lakes. For natural lakes, I used the age
of the oldest artificial lake (118 years) plus 10 year.
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Total Alk;
S20.00
m 47.80 1
i 75.60
103.40
i 131.20 1
S159.00
* 186.80
S214.60
S242.40
* 270.20
L
Figure 4. Total alkalinity (mg/1 CaCO3) for Illinois lakes. Size of circle
and shading indicate alkalinity (larger and darker indicate
higher alkalinity).
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Figure 5. Length of growing season (days) for Illinois lakes. Longer
growing seasons are indicated by larger and darker circles.
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Figure 6. Dendrogram resulting from duster analysis of 18
limnological variables. Average linkage cluster method
with correlation coefficient used as distance measure.
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Table 5. Results of principal components analysis of 18 variables describing
Illinois impoundments.
Principal component loadings
1 2 3 4 5
Maximum depth 0.575 0.494 0.491 -0.182 -0.122
Mean depth 0.463 0.251 0.589 -0.398 -0.043
Dv -0.258 -0.430 0.024 -0.442 0.194
pH 0.096 0.104 -0.198 -0.007 -0.806
Total alkalinity -0.277 0.548 -0.413 -0.143 0.441
Loge hectares 0.812 0.344 -0.247 0.124 -0.015
Loge shore length 0.893 0.282 -0.101 0.234 0.049
Loge watershed 0.778 0.062 -0.373 0.213 0.039
Loge volume 0.866 0.349 -0.051 0.013 -0.002
Growing degree days 0.425 -0.704 0.310 0.277 0.106
Growing season 0.411 -0.677 0.345 0.292 0.012
Loge retention time -0.102 0.308 0.645 -0.287 -0.127
Pct. vol. as littoral -0.723 0.273 0.167 0.527 0.050
Pct. surf. area ILittoral -0.604 0.347 0.189 0.648 -0.064
Loge age -0.423 -0.010 -0.347 -0.003 -0.428
Loge conductivity -0.185 0.688 -0.213 -0.095 0.115
Loge secchi depth -0.416 0.455 0.645 0.214 0.049
Loge SDI 0.734 0.106 0.123 0.306 0.102
1 2 3 4 5
Latent roots 5.682 3.061 2.304 1.615 1.146
Variance explained 5.682 3.061 2.304 1.615 1.146
Percent of total 31.567 17.008 12.798 8.970 6.367
variance explained
Cumulative variance 31.567 48.575 61.373 70.343 76.71
explained
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Table 6. Principal component scores rotated using varimax rotation.
Varimax rotated principal component loadings
1 2 3 4 5
Maximum depth 0.506 0.034 0.777 0.047 -0.014
Mean depth 0.224 -0.079 0.821 0.214 0.096
Dv -0.545 -0.088 -0.035 0.368 0.208
pH 0.132 -0.004 0.037 0.049 -0.829
Total alkalinity 0.003 0.806 -0.183 -0.046 0.278
Loge hectares 0.889 0.088 0.039 0.228 -0.053
Loge shore length 0.952 -0.070 0.088 0.155 0.051
Loge watershed 0.811 -0.083 -0.219 0.288 -0.010
Loge volume 0.861 0.030 0.250 0.267 0.005
Growing degree days 0.141 -0.871 -0.074 0.119 0.249
Growing season 0.137 -0.883 -0.031 0.077 0.163
Loge retention time -0.189 0.058 0.745 -0.159 -0.005
Pct. vol. as littoral -0.318 0.192 -0.136 -0.865 0.032
Pct. surf. area littoral -0.151 0.145 -0.101 -0.941 -0.071
Loge age -0.305 0.192 -0.285 -0.076 -0.515
Loge conductivity 0.109 0.727 0.077 -0.171 0.002
Loge secchi depth -0.196 0.135 0.499 -0.720 0.142
Loge SDI 0.745 -0.269 0.129 0.016 0.159
1 2 3 4 5
Variance explained 4.610 2.940 2.377 2.651 1.229
by rotated comp.
Percent of total 25.613 16.336 13.203 14.729 6.000
variance explained
Cumulative variance 25.613 42.949 56.152 70.881 76.881
explained
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K
Figure 7. Cluster dendrogram of 144 lakes. Distance measure was average
Euclidean distance, cluster method was UPGMA.
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B
C
D
E
F
G
H
for the limnological variables, each of the 11 lake categories (Table 7) can be
characterized as in Table 8. Obviously, not every lake in each category matches the
description for that category, but the descriptions are only meant to generalize the
relationships. When plotted by their locations in the state (Figure 8), the role of the
north-south gradient in climate and alkalinity, as emphasized by the second PC, is
apparent by the approximate geographic grouping of lakes. However, as can be
expected, the other major components, lake size, depth, and percent littoral zone,
play a major role in separating out the lakes on scales based on factors other than
geology.
Briefly, the lake categories can be described as follows (and Tables 7 and 8):
(A) These seven lakes are generally shallow, moderate sized lakes with small
littoral zones and characterized by limited water transparency. Most often
located in the central to south-central part of the state, these lakes are
characterized by moderate climate and average alkalinity.
(B) A large group of 35 medium sized lakes also centrally located, but somewhat
deeper and with larger percent of the lake as littoral zone. Because of their
location they are characterized by moderate climate and alkalinity.
(C) This group includes 12 lakes with small surface area, but that are moderately
deep in relation to their size. Southerly located, consequently with low alkalinity
and long growing season, they are characterized by a large percent of the lake as
littoral zone.
(D) Four southern lakes that are small, relatively shallow, and with low alkalinity
comprise this category. Three are located in the Shawnee Forest area while the
fourth, Highland Old City Lake, is a 76 year-old water supply lake located in
south-central Illinois.
(E) This is a small group of 7 moderately sized, medium depth lakes with high
alkalinity and small littoral zones. These lakes are scattered throughout the
northern half of the state and include two power plant cooling lakes, Powerton
and Dresden.
(F) This is a large and seemingly diverse group of 40 small, medium depth, high
alkalinity lakes located throughout the north half of Illinois. Most of the natural
lakes in Lake County as well as several small impoundments and strip-mine
lakes are included in this category.
(G) Eleven large, deep, small littoral zone lakes located in the middle third of the
state are grouped here. Six power-plant cooling lakes are placed here, but this is
more a reflection of morphological similarity than due to heated discharge
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Table 8. Description of the eleven Illinois lake categories.
Lake Typical lake
category
Mt. Sterling
Jacksonville
Red Hills
Ferne Clyffe
Dresden
Shabbona
Mill Creek
Sangchris
Pistakee
Saq Quarry
Bangs
Medium
Medium
Small
Small
Medium
Small
Large
Large
Large
Small
Small
Moderate
Moderate
Warm/Low
Warm/Low
Mod./High
Cool/High
Moderate
Warm/Mod.
Cool/High
Cool/High
Cool/High
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Lake
size
Climate/
alkalinity
Depth Littoral
zone size
A
B
C
D
E
F
G
H
I
J
K
Shallow
Medium
Medium
Shallow
Medium
Medium
Deep
Moderate
Shallow
Shallow
Deep
Small
Medium
Large
Small
Small
Medium
Small
Small
Medium
Large
Medium
Ebel ho nw
Figure 8. Location of lakes as denoted by their categories.
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associated with power plants, because actual water temperature was not a
variable used in the analysis.
(H) This group includes the three Corps of Engineers reservoirs (Illinois' three
largest lakes), two large cooling lakes and two large water supply reservoirs - all
of which are large, moderately deep lakes with small littoral zones and generally
southern in location.
(I) Large, shallow lakes with high alkalinity and medium sized littoral zones make
up this group of nine lakes. The natural lakes in the Fox Chain O'Lakes (Lake
County) and several shallow water supply reservoirs in east-central Illinois are
grouped together here.
(J) Eleven large, shallow, northern lakes with high alkalinity and large littoral
zones comprise this group. The large littoral zones are indicative of generally
clear water with several of these lakes (Big Lake, Pond 6, and Wilderness Lake)
having the Secchi disk visible to the bottom.
(K) Two small, clear, deep natural lakes with only a moderate percentage of the lake
as littoral zone comprise this final category. Both lakes are located in north-east
Illinois and have cool climate and high alkalinity.
Fish Community Analysis
Species Richness and Equitability
The number of species in Illinois lakes varies considerably. Several large lakes
contain over 30 species (e.g. Heidecke, 36; Shelbyville, 32) while small isolated lakes
may contain less than 10 (e.g., Jones State Lake, 8; Ramsey Lake, 6). The number of
species present in Illinois lakes was best predicted by loge of lake surface area (ha)
with a simple linear model (Figure 9, top):
Number of species = 5.443 + (2.273 x (loge surface area))
(n = 41, r = 0.630, SE = 5.115, P < 0.001)
or by a multiple regression model with loge surface area and loge conductivity
(Figure 9, bottom):
No. of species = -19.493 + (1.985 x (loge surface area)) + (4.444 x (loge cond.))
(n = 41, r = 0.719, SE = 4.639, P < 0.001)
When grouped by lake categories, the mean species richness differed significantly
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Figure 9. Top, species richness for 41 Illinois lakes with lake group codes and
linear regression line (see text). Lower, best two variable predictor
of species richness in 41 Illinois lakes.
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between several of the lake categories (Table 8, Figure 9). However, because of small
sample size per category, only 5 of the 11 lake categories were included in the
analysis (i.e., those categories containing more than two lakes). This result was not
unexpected due to the significant relationship between species richness and lake
surface area and the selection of lake area as a primary component in the lake
classification system.
To discern whether there existed a bias among district biologists in obtaining
accurate species counts, we plotted the number of species per lake against loge lake
surface area and represented each lake on the plot with the IDOC district number.
First we tested the covariates of loge surface area and loge conductivity for
interactions with district number, and found no significant interaction (P > 0.10).
Next, using the same five lake groups, an analysis of covariance was performed
using the district number as the independent categorical variable, loge surface area
and loge conductivity as covariates, and with the dependent variable being species
richness. District was not significant (P = 0.746) indicating that there was no
relationship between district and species richness and, therefore, no reason to
suspect bias in the sampling and identification of species among district biologists.
Species abundance patterns (Figure 10) of eight lakes, selected to span the
spectrum of lake sizes, indicated that abundance patterns may vary dramatically
from lake to lake but appear to be consistent within a lake over years. Of the eight
lakes plotted, three of the four large lakes (Braidwood, Carlyle, and Heidecke) all
exhibit a distribution described by a convex curve. Such a curve suggests a relatively
small number of very abundant species, a large number of moderately abundant
species, and a moderate number of relatively rare species. This curve appears to be
best described by the dynamics model of Hughes (1986). In general, only one or two
species numerically dominated the communities. In Braidwood Lake, gizzard shad
dominated the first year with carp being most abundant in the succeeding 5 years. In
Carlyle Reservoir, freshwater drum and gizzard shad dominated while in Heidecke
Lake, freshwater drum was the only species to attain high abundances relative to the
others in the lake. Lake Springfield, also a large reservoir (1582 ha) had a more
evenly distributed fauna with several species being very abundant, often
simultaneously (freshwater drum, gizzard shad, white bass, white crappie, and
yellow bass).
The smaller lakes (Beaver Dam, Dawson, McCullom, and Weldon Springs)
showed much more variation in the abundance distributions and an approximate
linear response thus indicating a more even species-abundance distribution. As
indicated by the generally abrupt ending of the right-hand sideof the curves, these
lakes also have fewer of the rarer species found in the larger lakes. This may result
from the more isolated nature of these lakes as opposed to the large reservoirs
located on higher order streams (in general, most of the lakes less than 100 ha are
located on intermittent streams). Another cause of fewer rare species may be the
greater susceptibility of smaller lakes to climatic factors such as winterkill,
summerkill, or drought.
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Table 8. Result of one-way analysis of variance testing for differences in species
richness among lakes of different categories (B, F, G, H, J). Mean species
richness for all 9 categories used in this study is also given with
Tukey's HSD test showing significant differences found between groups
tested in the ANOVA.
Analysis of variance
Source Sum of squares DF Mean square F Probability
Between groups 503.331 4 125.833 3.597 0.016
Within groups 1049.412 30 34.98
Lake Sample Mean species
group size richness Minimum Maximum
A
B1
C
D
E
F2
G
H1,2
J
1
8
2
1
2
10
7
6
4
16
14.75
13
8
15.5
14.4
20.3
24.3
15.8
12
13
13
6
10
15
11
21
13
18
26
36
32
19
1: Groups B and H significantly different at P = 0.040 by Tukey's HSD.
2: Groups F and H significantly different at P = 0.022 by Tukey's HSD.
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Figure 10a. Logl0 of species abundance (vertical) plotted against species
abundance rank (horizontal). Same-year points are connected
and year symbols shown are used on all subsequent graphs
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Equitability of species abundance in the lakes was negatively related to loge
surface area (P = 0.002) and number of species in the lake (P < 0.001) (Figure 11).
Therefore, as the community became more diverse in terms of species richness, the
evenness of species abundance decreased; larger communities contained relatively
more highly abundant and rare species than simple communities.
Direct Gradient Analysis
The process of lake classification and estimation of fish community structure
presents us with the problem of relating community structure to the environmental
variables incorporated in the classification. As was discussed in the section on
classification, there are few obvious breakpoints between different types of lakes; in
general the important environmental parameters form gradients which interact
with the fish communities in a continuous rather than discrete manner. Direct
gradient analysis allows us to assess and visualize the relationships between these
environmental gradients and the fish communities. This provides us with
important information as to the importance and form of the environmental factors
which, in turn, sets the stage for improved classification and better knowledge of the
factors influencing fish community structure.
Whole fish community analysis
Canonical correspondence analysis of the original species biomass matrix (42 x
41) in conjunction with the environmental matrix (41 x 4) indicated that the first
three axes accounted for the majority of the variation among the 41 lakes as
indicated by the large eigenvalues in relation to that of axis 4 (Table 9). The species
scores shown in the body of Table 9 must be interpreted in light of the weight given
these values; "weight" being the importance of the species as indicated by a
combination of total biomass of a species and occurrence in a greater number of
lakes , i.e., species with lower weight have less influence on the ordination. The
first axis was heavily influenced by bowfin, northern pike, redear sunfish, and white
crappie. The second axis is dominated by black bullhead, freshwater drum, green
sunfish, and gizzard shad. A species such as largemouth bass, however, was heavily
weighted and has a high effective number of occurrences but has moderately low
scores on all axes. This may be indicative of its ubiquitous nature and, therefore,
lack of usefulness in defining distinct fish communities.
Lakes with fish communities dominated by the species most heavily weighted in
the first two CCA axes tend to be differentiated from other lakes in the ordination
diagram (Figure 12). To interpret these diagrams, envision the axes as indicating
different ends of a gradient. In Figure 12, for example, North Spring Lake is the only
lake in the dataset with a substantial biomass of brown bullhead, Turner Lake had
high biomass of bowfin and grass pickerel, and McCullom Lake had the highest
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Table 9. Summary of CCA ordination of full species x sites matrix on 41 lakes.
Axis
1 2 3 4 Toalnertia
Eigenvalue .5643 .4241 .3449 .1576 4529
Pct variationa 125 218 29.4 32.9
Sprecies
BGB
BLB
BLC
BLG
BLS
BOW
BRB
BRS
CAP
CCF
EMS
FCF
FHM
FRD
GOF
GOR
GOS
GRP
GSF
GZS
LMB
LOS
MUE
NOP
PUD
RSF
RVC
SAB
SHR
SMB
THS
ULL
WAE
WAM
WHB
WHC
WHS
YEB
YEP
1 2
-.0802 -1.3372
.5906 1.1296
-.0884 .4421
-.1578 .4218
.5550 1.8811
3.0334 .6061
2.3967 .2959
.7368 -.0556
.0527 -.2130
-.2413 -.1098
.8682 .1819
-.0727 -1.7367
1.0665 .3108
-.1939 -1.5882
.4453 .1618
-.5061 .6801
1.3123 .2913
2.8394 .6233
-.7718 .9063
-.1982 -.8020
-.3539 .4103
-1.1775 .0466
.7728 -.7049
2.4212 .0997
1.9297 .9747
-.9760 1.0680
-.1995 -.8734
-.3100 -.7490
-.3180 -.7862
-.5926 -.8360
-.6255 -.1211
-.4393 -1.6323
-.3184 .1636
-.2049 .2308
.1931 -1.8856
-.4338 .0766
.8473 .4345
-.7225 -.3693
.8018 -.2833
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a Cumulative percentage of species by environment variation accounted for.
b Effective number of occurrences, analogous to N2 diversity (Hill 1973).
Axi)dsS
2 _4 W4eiht
1.4366 -1.2812 .09
.3669 .2285 323.29
-1.0159 .0526 2004.21
.0715 -.1940 2235.63
.9975 1.9406 7.11
1.0220 -.1313 361.92
2.5990 -1.2829 3.39
-.3798 .5086 1.22
-.5091 .2077 5182.30
.2118 .0466 1681.51
.2627 -.0761 .00
-.0408 -1.3019 .07
-.7642 .4088 .27
.5550 .2736 1844.12
-.4171 1.5233 .01
.0787 .9651 .00
-.0342 -.0651 148.72
.9606 -.1438 434
.9928 .9879 1412.75
.1961 -.5141 1817.65
.4217 -.4193 2906.00
.6119 .0784 17.43
-5262 5094 .17
.2260 .0181 1217.29
5830 .6893 37.78
.3398 -.6324 464.85
-.1196 -.1113 239
-1.3820 8400 75.41
-1.3030 .8839 .02
.0739 25118 2.99
.5213 -.4762 5.63
.7659 13779 5.80
.5199 .3533 2987
-1.2578 .0099 780.57
-.0490 .0824 51.62
.2736 -.6732 833.82
-.3245 1.1147 26.98
.7122 1.6372 44.49
-.4993 .6471 7.00
NZb
1.15
2.25
2.10
9.15
1.76
1.00
1.05
3.85
3.88
16.64
1.00
1.51
1.73
5.43
1.96
1.00
5.82
1.18
2.18
11.07
12.13
2.59
1.33
1.88
3.23
2.27
2.63
1.05
1.10
1.34
2.46
1.79
3.33
1.22
3.73
3.12
3.67
1.71
3.14
biomass estimate for northern pike. The underlying environmental gradients
(Figure 13) appear to be approximately equally important among the four factors
(FACT1-FACT4) in the diagram, the relative contribution of each factor being
approximated by the length of the arrow (ter Braak 1986). Northern pike, brown
bullhead, grass pickerel, and bowfin are most associated with FACT2 with their
location indicating lakes characterized by high alkalinity and short growing season.
Most of the lakes with high scores on this axis (farthest to the right in Figure 6) are
located in the northern part of the state. The lake size factor (FACT1) is strongly
associated with several of the large reservoirs (Carlyle, Shelbyville, Springfield, etc.)
and also with species typically found only in these larger water bodies such as
freshwater drum, quillback carpsucker, river carpsucker, flathead catfish, and white
bass.
Guild analysis and lake classification
When the fish community is summarized by guild systems (Balon's
reproductive guild or Austen's spawning or trophic guilds) the ordination diagrams
are simplified. Similarly, if lake class is substituted for the individual lakes, a
picture of the value of the classification systems emerges.
The ability of the CCA to summarize the datasets is best measured by the
eigenvalues associated with each separate ordination (Table 10). For all guilds, the
first two axes accounted for the vast majority of the variation. The third axis
accounted for a substantially smaller amount and the fourth axis added little to the
analysis. For the trophic guild system the fourth axis appears to be relatively more
important than in the other ordinations. In all cases, Monte Carlo permutation tests
of the first axis showed that it was significant and P < 0.01.
The ordination plot of Austen's spawning guilds showing the first and second
axes (Figure 14) illustrates the differentiation of lake types as related to the biomass
of various individual guilds. Lake type J, characterized by small, deep, northerly
located lakes with moderate littoral zones was associated with guild S9 consisting
primarily of esocids. Lake class H, consisting of large, centrally located, moderately
deep lakes with small littoral areas, was most associated with guilds S10 (freshwater
drum, gizzard shad, and striped bass) and S8 (white bass, yellow bass, and bigmouth
buffalo among others). However, there is some variation in community
composition within each of the lake types as indicated by the mixed occurrence of
different lake types in the same general area of the diagram. The addition of the
third axis) allows further distinction of the communities and, thus, separation of the
lake types, but only explained an additional 14% of the variance.
The addition of the environmental variables to the ordination diagram (Figure
15) emphasizes the previously discussed association of freshwater drum and gizzard
shad (guild S10) with larger, deeper lakes (FACT1 and FACT3). Although gizzard
shad is common in smaller lakes it appears to be at its greatest biomass per unit area
in larger water bodies. Several of the other guilds, S9, S2, and S6, seem to not be
well associated with any of the environmental axes. Each of these guilds is
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Figure 13. First (horizontal) and second (vertical) axes of canonical
correspondence analysis joint plot of fish biomass data from 41
Illinois lakes. Three letter species codes are defined in Table 1. Lake
locations and limnological descriptions are given in Appendices A,
B, and C.
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Table 10. Eigenvalues of canonical correspondence analysis of the same species x
samples matrix as summarized by reproductive guild definition of
Balon and Austen's spawning and trophic guilds as defined in Section
II. In parentheses below each eigenvalue is the cumulative percentage
of variance of the fitted species values that can be explained by each
of the CCA axes axes.
Axis Total
Guild type 1 2 3 4 inertia
Balon reproductive guilds 0.408 0.225 0.075 0.007 1.814
(57.0) (88.5) (99.0) (100.0)
Austen's spawning guilds 0.386 0.367 0.124 0.010 2.124
(43.5) (84.9) (98.9) (100.0)
Trophic guilds 0.256 0.168 0.063 0.028 1.519
(49.6) (82.3) (94.6) (100.0)
44
"GOR
*BS
PUD
BOW
*TWo
*BRB
MUE
*WHB
Figure 14.First and second axes of the CCA joint plot of species and
environmental factors (FACT1-4). Environmental factors are defined
in text, species codes are defined in Table 1. Direction and
length of environmental factor lines indicate direction of greatest
variation and relative importance, respectively.
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AFigure 15.First (horizontal) and second (vertical) axes of the CCA joint plot of
lakes as indicated by their lake group (A-K, not shown are I and K) and
spawning guild biomass (S1-S10, not shown is S7). Lines around
similar lake category points are for visualization purposes only.
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relatively large and diverse (only S1 contains more species than these three) and this
diversity may reflect a variety of finer scale environmental factors influencing the
guild members.
For Balon's guild system the ordination diagram shows more mixing of lakes of
different types with no lake group being distinct in terms of a single guild
dominating the lake category. The environmental axes (Figure 16), however, appear
to be better related to the guilds. The lake size component (FACT1) is associated
with guilds A.1.1 (pelagophils), A.1.2 (litho-pelagophils), and A.1.6 (psammophils).
High alkalinity and short growing season (FACT2) is influential in the biomass of
guild A.1.5, the phytophils, consisting of the Esocidae, carp, goldfish, and two species
of buffalo.
Although the eigenvalues for the trophic guild ordination were the lowest, the
CCA joint plot of the first two axes shows that lakes within each lake category are
positioned closest together in this analysis (Figure 17). Lake type "H", is best
characterized by T3 (gizzard shad, threadfin shad, fathead minnow), T8
(carpsuckers,freshwater drum, redhorses, white sucker), and T9 (flathead catfish).
The lake size factor is associated with the large lakes and the groups T3, T8, and T9
(Figure 19). Carp and bigmouth buffalo (T6) are closely associated with the depth
(FACT3) and the littoral zone axis (FACT4). T4 (goldfish) appears to be most
influenced by FACT2 (alkalinity and/or growing season).
DISCUSSION
Approaches to Lake Classification
Carline (1986) suggested lake classification as one part of his three-step approach
to the development of predictive indices of reservoir fish community structure.
While there is no doubt that lakes can be classified, there remains the question of
the relevance and usefulness of the classification system.
One approach to classification taken by several investigators (Echelle and Schnell
1976; Johnson et al. 1977; Tonn et al. 1983; Marshall and Ryan 1987; Dolman 1990) is
to classify lakes based on fish community attributes and then relate the groups to
environmental variables. For example, Dolman (1990) examined association among
20 fish species in 132 Texas reservoirs and identified five major groups of lakes. He
then related the lake groups to 19 environmental variables using canonical
correlation analysis. The main drawback with this analytical process is that the lakes
are classified on the basis of the fish community present at time of sampling rather
than the potential fish community. Given that reservoirs are man-made systems,
the fish communities, even in similar lakes, can be at varying degree of
development and are often dictated by stocking or other non-environmentally
related factors. Thus it is possible that the actual fish community may not reflect the
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Figure 16.First (horizontal) and second (vertical) axes of the CCA joint plot of
Balon's reproductive guilds and environmental factors (FACT1-4).
Environmental factors are defined in text guild codes
are defined in Appendix G. Direction and length of environmental
factor lines indicate direction of greatest variation and relative
importance, respectively.
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Figure 17.First (horizontal) and second (vertical) axes of the CCA joint plot of
lakes as indicated by their lake group (A-K, not shown are I and K)
and trophic guild biomass (T1-T9; see Appendix G). Lines around
similar lake category points are for visualization purposes only.
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optimal community given the adaptations of the fish species. Therefore, unless one
looks at a set of lakes which are at similar developmental stages the results of such a
classification may be less than desirable.
Alternatively, a classification of lakes based on environmental variables and
independent of fish community data produces groups of lakes that are unique in
terms of the environmental variables chosen. If the input variables are wisely
selected, their relative effects on the fish community will be evident. Whether or
not the the particular combination chosen is the most significant in its effect on fish
community structure would have to be carefully assessed by comparisons with the
fish community data and possibly refined if the fit is not acceptable. The result,
though, is a grouping of lakes whose members can be expected to exhibit tendencies
towards similar fish communities. This leads to several possible applications: (1) If
several lakes in a group possess a more complex fish community, such as a
developed pelagic species group, it could be expected that other lakes in that group
could be successfully stocked with those species if they lie within its biogeographic
region and appropriate genetic strains are used, (2) alternatively, if stocking a
particular species is unsuccessful in lakes of a certain type or if a stocked species
negative affects other species known to be appropriate for that lake type, such a
practice may be similarly unsuccessful in other lakes of that type, (3) fish
communities in a particular lake group may, on the average and over sufficient
years, respond in a similar manner to gross changes in the environment. Thus
several "key" lakes could be selected from each group and sampled more intensively
as a means of monitoring environmental and fish community changes. Depending
on "key" indicators, though, is susceptible to abuse. Key species selected from
animal guilds was suggested as a means of environmental monitoring
(Severinghaus 1981) but, in actuality, proved to be of little value (Vernor 1984; Szaro
1986). However, time constraints and sampling limitations may force fisheries
managers to develop more efficient sampling strategies, and the use of indicator
lakes may be one avenue worthy of more exploration. The best compromise may to
concentrate on key lakes, but sample other lakes within those groups less frequently.
This is the option currently being undertaken in the creel surveys under this
project, in which only a small subset of state-managed lakes can be sampled each
year.
Selection of Variables
The fact that Secchi disk depth was not chosen as a major classification variable
here should not be construed to mean that it was not an important variable in the
analysis. Two other variables, percent volume- and percent surface area as littoral
zone were based partly on Secchi disk depth and were the main variables
influencing the fourth principal component (see Table 5). Secchi disk depth was
weighted only slightly less heavily in that component. Of the two main
determinants of Secchi disk depth, suspended inorganic matter (silt) and
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phytoplankton, it is well known that silt is a major factor affecting Illinois lakes.
An IEPA study (IEPA 1978a and 1978b) of 353 Illinois lakes found that 56% of the
lakes fell into categories "fair to poor quality" and "high potential for exhibiting
problems"; these categories being based on IEPA criteria for desired conditions and
possibly not related to ecological quality. Two-thirds of 108 lakes sampled in the
study were considered eutrophic, 78% of lakes measured did not meet the Illinois
Department of Health Secchi disk depth standards for bathing beaches, and most
lakes exhibited hypolimnetic dissolved oxygen deficiency in the summer. The main
"problems" of Illinois lakes, according to the IEPA report, were sediment pollution
(39% of lakes impaired) and aquatic vegetation (35% of lakes impaired). The
sediment problem has also been recognized as a major factor leading to the decline
of species such as the highfin carpsucker (Smith 1979) and thus it was important that
turbidity, in some form, be taken into account by the classification.
Of the 19 limnological variables used by Dolman (1990), nine were selected by
canonical correlation as important. His first canonical variable explained 55.2% of
the variance and emphasized lake volume, pH, total alkalinity, total hardness, and
conductivity. His second canonical variable emphasized thermocline depth
positively and alkalinity negatively, the third was influenced positively by
thermocline depth and negatively by turbidity, while the fourth showed a positive
influence of surface elevation and negative weighting for temperature. The
classification developed here also selected volume in the first PC, while alkalinity,
conductivity, and temperature correlates (growing degree days and growing season)
were weighted heavily in the second PC, an obvious similarity with that of Dolman.
The only variable common to both datasets, but not selected by either analysis was
lake age. Lake age in Dolman (1990) ranged from 5-84 years while lakes in this study
ranged from 7-118 years. Therefore, it does not seem likely that this lack of
significance can be attributed to small range of ages. Further, the correlation of lake
age with several morphological variables and growing season and degree days was
significant but weakly negative (see Table 3). The usefulness of lake age as a factor
influencing fish communities in lakes seems limited unless the data contain very
young lakes where changes occur rapidly, but the final determination will have to
wait for comparison of the lake classification systems with fish community data.
Other Illinois Lake Classification Schemes
Boland et al. (1979) used four spectral attributes of LANDSAT1 multispectral
scanner data to develop two classification systems of 145 Illinois lakes. In the first
classification only spectral attributes (LANDSAT bands) were used. This produced a
workable system, but presented two problems. First, due to the typically high
sediment loads in Illinois lakes, the range of the scanner data was reduced, thus
results were highly sensitive to changes in mid-range values but insensitive to large
or small values. Second, extreme values found in some Illinois lakes were not
readily measured by multispectral scanner. These problems were overcome in the
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second classification system by simultaneously collecting in-lake data on
chlorophyll-a, Secchi disk depth, total organic nitrogen, and total phosphorus, and
developing regression equations relating these parameters to the LANDSAT
scanner data. For all lakes, these limnological variables were then estimated and a
new classification developed resulting in 12 groups of lakes. Of the 145 lakes in
Boland's multispectral scanner-based classification and 147 in my analysis, 45 co-
occured in six of Boland's lake groups (Table 11). Two categories, in particular,
matched closely; Boland's Class 3 and my group F, and Boland's Class 6 with my
group I. The Class 3 lakes, with the exception of Paris East and West, are all
northerly located reservoirs or glacial lakes. These lakes are generally small, of
medium depth, and have small, often intermittent, inflowing streams and small
watersheds. Water quality is generally good. Class 6 and group I lakes are moderate
to large, shallow lakes with varying degrees of sediment related problems and of
only fair water quality. Classes 2 and 4 show little similarity with my classification
while classes 1 and 5 have too few lakes to make any conclusions.
Given the general lack of concordance among lakes in the two classification
schemes, it appears that there is little relationship between the water
quality/nutrient-based classification of Boland et al. (1979) and the morphometry-
oriented system as utilized in this study. The system of Boland et al. (1979) appears
very limited in scope because it only incorporates four water quality factors. Also,
several of these factors were correlated (total organic nitrogen was strongly
correlated with chlorophyll-a and total phosphorus) which reduces the power of the
analysis. My analysis does take into account Secchi disk depth (as well as percent of
lake as littoral zone), but does not incorporate chlorophyll-a or total phosphorus,
both of which have been related to fish production (Jones and Hoyer 1982). It is
possible that incorporation of such data would improve my classification but, due to
lack of data, such a determination is not possible at this time.
A Final Comment on Classification
Different input variables are selected based on the intended use of the
classification, which results in different classifications. Boland's work centered on
trophic status and used only four variables while Larkin and Northcote (1958) used a
mix of biological, morphological, water chemistry, and climatic variables. Indeed,
the simplicity of Boland's data-set may have helped in the development of his
inordinately distinct clustezs.
In this study, trophic state was not the only variable of concern; all available
factors thought to influence fish species composition were included. Thus, there
was both a much more comprehensive goal for the classification and, consequently,
a more diverse input data-set. The utility of the classification system developed
here can only be determined by the ability of the lake classes to differentiate among
fish assemblages. Niether Pennak (1958), working with lakes in northern Colorado,
nor Larkin and Northcote (1958) in British Columbia, could find sharp delineations
52
Table 11. Classification of the 45 lakes ncluded in Boland et al. (1979) that were
also classified in the present study (with class given in parentheses).
Brief class description includes the following: SEC-Secchi disk depth,
TON-total organic nitrogen, CHLA-chlorophyll-a, TPHOS-total
phosphorus.
Class 1
(very high SEC, low TON, TPHOS, CHLA, minimal sediment related turbidity)
Kinkaid (G)
Class 2
(high SEC, low TON, TPHOS, CHLA, good to excellent water quality, minor
impairment from sediment-related turbidity, algae, or macrophytes.)
Jone State Lake (D) Lake Sara (G)
Lake George (E) East Fork Reservoir (H)
Lincoln Trail (E)
Class 3
(average SEC, TON, CHLA, slightly low TPHOS, reservoirs and glacial lakes of good-
fair quality, minor sediment impairment, slight algae problems, slight to moderate
macrophyte problems.)
Highland Lake (D) Lake Zurich (F)
Paris East and West Lakes (F) Summerset Lake (F)
Gages Lake (F) Channel Lake (F)
Lake Catherine (F) Pierce Lake (F)
Class 4
(low SEC, TON, TPHOS, CHLA, water quality fair to good, sediment, algae and
macrophyte problems generally minimal.)
Lake Paradise (A) Dresden Lake (E)
Lake Pittsfield (B) Round Lake (F)
Lake Pistakee (B) Diamond Lake (F)
Lake Mattoon (B) Wolf Lake (F)
S.A. Forbes Lake (B) Rend Lake (H)
Lake Vandalia (B) Lake Shelbyville (H)
Lake Centralia (B) Lake Carlyle (H)
Lake Pana (B) McCullom Lake (J)
Lake Argyle (B) Big Lake (J)
Lake Powerton (E) Bangs Lake (K)
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Table 11 (continued)
Class 5
(low SEC, slightly low TON, CHLA, average TPHOS, generally shallow and turbid, poor
to fair quality with severe sediment problems, minimal algae and macrophyte
problems)
Lake Charleston (A) Lake Tampier (F)
Lake Meredosia (A)
Class 6
(low SEC, average TON, TPHOS, CHLA, fair quality, slight to severe sediment problems,
algae slight to moderate, minimal macrophtye problems)
Sam Parr Lake (B) Fox Lake (I)
Greenville New City Lake (B) Grass Lake (I)
Nippersink Lake (I) Petite Lake (I)
Lake Decatur (I) Lake Marie (I)
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in lake types. Both attributed this to the gradual intergradation of the variables
selected over the span of lakes in their analysis. This was also true in the present
study. The lack of sharp delineations, however, should not be considered an
obstacle. Classifications serve as a guide to represent the full spectrum of lake types
when designing sampling strategies among lakes. Also, they serve to eliminate
certain classes of lakes from research or management experiments because they are
atypical or where attributes may confound the interpretation of results. Finally,
detailed analysis among groups of lakes may be more meaningful if gradients of
features used to classify the lakes rather than the groups themselves
are used as explanatory variables or "treatments.
Species Richness
Previous studies of fish community composition have been based on a wide
variety of data sources. The work of Jenkins (1976; 1977) with the U.S. Fish and
Wildlife Service reservoir research team utilized cove rotenone data, often
uncorrected for efficiency. Tonn (1982) used a composite index based on an
assortment of gears, none of which were corrected for biases. Similarly, Harvey
(1978; 1981), Marshall and Ryan (1987), and Persson et al. (1991) relied solely on
uncorrected gill net catches to assess community structure. As shown in Austen
1992, gill net catches are highly species selective and, when used alone or even as
pooled fleets, would show a biased picture of the community. In this analysis, a
combination of electrofishing and gill netting, corrected for known bias, is used to
estimate community composition. This is not perfect but should provide an
improved view of fish communities over that of previous investigations.
Species richness has been related to a plethora of environmental variables (Table
12). The two regression models developed here, although significant in terms of the
relationship, accounted for only 40% and 52% of the variation with a single or two
variable model, respectively. With the exception of conductivity, none of the 18
other variables provided any increased explanatory power. By looking more closely
at the outliers in the regression it is easy to explain some of the variation. Two
moderately large lakes, Heidecke (36 species) and Braidwood (30 species), are power
plant cooling lakes and obtain water from the Illinois and Kankakee Rivers,
respectively. These large rivers would provide a continual source of species that
may not otherwise be able to persist in the cooling lakes. Ramsey Lake (6 species),
may have been underestimated due to incomplete fish capture or reporting by the
biologists.
The implication that lake area influences species richness may be more complex
than the simple linear relationship suggests. Lake area is correlated with several
other variables including watershed size, shoreline length, and volume. It is also
correlated, albeit less strongly, with mean depth and maximum depth. All of these
variables could be considered as descriptors of habitat availability. The linkage
between habitat diversity and lake size in determining species richness suggests that
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Table 12. Relationships between species richness and various environmental
factors. Model types: S = single variable model, M = multiple
regression.
Percent of
Model variation
Independent variables tested tvne exnlained Source
Surface area (acres)
Surface area
Lake area
Surface area
Shoreline development
Benthic prey density
pH
Lake volume
Maximum depth
Mean depth
Morphoedaphic index
Flushing period
Latitude
Growing season
Volume, flushing rate,
maximum depth
S
S
S
S
S
S
S
S
S
S
S
S
S
S
56
16
66
30
18
27
32
71
56
45
19 a
42
64a
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M 77
Eadie and Keast (1984)
Robinson and Tonn (1989)
Harvey (1978)
Barbour and Brown (1974)
Eadie and Keast (1984)
Eadie and Keast (1984)
Robinson and Tonn (1989)
Harvey (1978)
Harvey (1978)
Harvey (1978)
Harvey (1978)
Harvey (1978)
Barbour and Brown (1974)
Barbour and Brown (1974)
Harvey (1978)
a indicates that correlation was negative, all others were positive
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there may be a minimum quantity of habitat required for species existence (Minns
1989). Eadie and Keast (1984) and Harvey (1978) also found species richness to be
related to the number of habitats in an area (between habitat diversity) and the
variation within the physical environment (within habitat diversity). For some
species a large stream or river is required for spawning (striped bass, several
redhorse species) and this may occur in some of the larger lakes (although not for
striped bass in Illinois). However, the influence of stream order of the outflowing
stream was tested as a predictor of species richness and was found to not be
significant.
The "lakes as islands" hypothesis (Browne 1981) presents three possible
hypotheses for the species-area relationship; (1) a sampling phenomenon, (2) habitat
diversity, and (3) the area hypothesis. First, the sampling phenomenon refers to
larger areas being colonized by larger numbers of species simply due to chance. This
theory ignores important population processes (e.g., competition) and habitat
diversity and has little support. The second hypothesis, habitat diversity, relates to
the increasing habitat diversity with increasing lake size (as discussed above).
Experience on reservoirs of all sizes leaves little doubt that larger reservoirs
generally contain a greater diversity of habitats than small ones. This is true both in
the increased pelagic zone available in large lakes and in the greater diversity of
shoreline habitats. It seems logical that this diversity of habitats would lead to
increased species diversity. Finally, the area hypothesis pertains to greater
immigration rates in larger lakes than smaller ones. In lakes and reservoirs, as
opposed to terrestrial islands where island biogeography was first elucidated, the
only routes of immigration are through stocking (either intentional on
non-intentional) or inflowing rivers. On smaller lakes with inflowing streams
being generally intermittent, it is doubtful that much immigration from that source
exists. However, almost any lake is susceptible to stocking, although no such
statistical effects were found in this analysis.
Species-Abundance Curves
The difference in fish species richness between lakes of varying sizes suggested
that larger lakes would contain not only a larger total number of species, but a
proportionately larger number of rarer species. These would be the species that can
survive only in a limited range of habitats or that are unable to spawn in reservoirs
but move, possibly randomly, from another source such as an inflowing river. The
species-abundance curves suggested that this was true; larger lakes exhibited concave
curves suggesting a few highly abundant species, a middle class of moderately
abundant species and also a moderate amount of relatively rare species. Smaller
lakes generally exhibited a linear or convex curve indicative of a more even species
abundance pattern, generally no dominant species and few, if any, rare species. The
significant negative relationship between equitability and both lake size and species
richness supported this concept. This is contrary to the proposal of Evans et al.
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(1987) who suggested that increased diversity would be due to increased evenness as
the community becomes dominated by a few large predators. Although Evans et al.
(1987) were referring to successional changes in a particular lake, while the data
presented here describe changes among a set lakes of varying size, the pattern of
increased diversity associated with less equitable abundance seems clear.
An intriguing deviation from the pattern is Lake Springfield which, although it
is a large reservoir, has several species with relatively high abundances. The reason
for this is not clear, but knowledge of factors leading to this difference has potential
applications for influencing and describing community structure.
Community ordination
The main purpose of the multivariate direct gradient analysis was to ascertain
the main environmental variables influential in determining community
structure. Also, some determination of the usefulness of the lake classification
system and value of guilds as a community summary tool was necessary.
Numerous investigators have delineated fish communities based on species
composition and attempted to relate those to environmental variation (Harvey
1978; Harvey 1981; Tonn et al. 1983; Dolman 1990). My analysis suggested that three
(FACT1-3) of the four factors were approximately equally useful in determining
relative species biomass in lakes. Lake size, conductivity-growing season, and depth
were all weighted heavily in the analysis (Figure 13). However, as indicated by the
relatively low eigenvalues there was still a great deal of variation remaining.
Tonn et al. (1983) found five environmental variables useful in delineating
simple communities in northern Wisconsin bog lakes: area, pH, maximum depth,
watershed, and conductivity. In Texas reservoirs, two main gradients were
influential; an east-to-west gradient in water quality and a northwest-to-southeast
gradient in surface elevation and growing season (Dolman 1990). Elevational
differences in Illinois were negligible, but growing season was 50 days less in the
north than in the south. Volume, alkalinity and conductivity were also weighted
heavily in Dolman's first canonical axis, but surface area, drainage area, and age
were not important variables.
While environmental variables alone seem to account for a substantial
percentage of the variation in Illinois lake fish community structure, the influence
of inter-specific interactions was not evaluated. The environmental gradients may
act as a framework for determining which species can exist at a particular biomass
level. However, whether such existance actually occurs may depend on factors such
as competition, predation, climatic variability, or other factors. Thus, the
framework of environmental variables can be built upon by future investigations
into other factors influencing fish community structure in lakes.
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Lake names and counties for the 41 lakes used in this study.
Lake name
Beaver Dam Lake
Big Lake
Braidwood Lake
Carlyle Lake
Coffeen Lake
Dawson Lake
Defiance Lake
Dresden Lake
East Fork Lake
Forbes Lake
Gillespie New City Lake
Glen Shoals
Greenville New City Lake
Heidecke Lake
Jones State Lake
Lake Jacksonville
Lake Sangchris
Lake Shelbyville
Lake Springfield
Lake Zurich
LaSalle Cooling Pond
Lincoln Trail Lake
Mccullom Lake
Mermet State Lake
Monee Reservoir
Newton Lake
Otter Lake
Pierce Lake
Pittsfield Lake
Ramsey Lake
Red Hills
Rend Lake
Sam Parr Lake
Sand Lake
Shabbona Lake
Spring Lake (north)
Spring Lake (south)
Turner Lake-COLSP
Washington County Lake
Weldon Springs
Wolf Lake
80
County
Macoupin
Kendall
Will
Clinton
Montgomery
McLean
McHenry
Grundy
Richland
Marion
Macoupin
Montgomery
Bond
Grundy
Saline
Morgan
Christian
Shelby
Sangamon
Lake
LaSalle
Clark
McHenry
Massac
Will
Jasper
Macoupin
Winnebago
Pike
Fayette
Lawrence
Franklin
Jasper
Lake
Dekalb
Tazewell
Tazewell
Lake
Washington
Dewitt
Cook
APPENDIX D.
APPENDIX E. Formulas used in the bias correction of electrofishing and gill
netting data.
Table El. Efficiency equations with data from Bayley and Austen (1987) based on a
logistic model using the Generalized Linear Interactive Model system
(GLIM; Payne 1987). Two parameter sets are given for
electrofishing; one includes weed parameters the other does not. This
permits application of the efficiency equations to samples with no weed
cover information where:
Efficiency = 1/{1 + exp[-(constant + (L x TLCM) + (LSQ x TLCM2) +
(Mean x INMD) + (Weed x Weedcover))]}
where: TLCM = fish total length (cm)
INMD = inshore mean depth (m)
Weedcover = percent of surface with vegetation (0-100)
Species
group Gear Constant L LSQ Mean Weed
CPS E -5.612 0.2793 -0.004049 -2.137 -0.02203
E -6.588 0.3667 -0.005788 -2.286 --
G -9.926 0.3983 -0.005444 ----
CAT E -7.790 0.2793 -0.004049 -2.137 -0.02203
E -9.197 0.3667 -0.005788 -2.286-
G -11.560 0.3983 -0.005444 -
BLG E -6.507 0.5436 -0.01762 -0.8269 -0.02791
E -8.971 0.6165 -0.01902 -
G -11.365 0.3983 -0.005444 -
CAP E -7.768 0.4079 -0.006811 -0.7069 -0.01353
E -8.042 0.4348 -0.007478 -0.6907 --
G -10.472 0.3247 -0.005264 --
FRD E -5.881 0.2793 -0.004049 -2.137 -0.02203
E -6.992 0.3667 -0.005788 -2.286 --
G -13.586 0.3983 -0.005444 --
GSF E -4.548 0.2793 -0.004049 -2.137 -0.02203
E -5.353 0.3667 -0.005788 -2.286
G -10.80 0.3983 -0.005444 - -
SHA E -9.559 0.6997 -0.01787 -0.3881 -0.01182
E -11.42 0.8468 -0.02181 -0.1332
G -11.044 0.3983 -0.005444 -
LMB E -5.164 0.3054 -0.005615 -0.3531 -0.02137
E -6.598 0.3653 -0.007123 - -
G -10.25 0.3247 -0.005264 -- -
CRP E -5.588 0.2793 -0.004049 -2.137 -0.02203
E -7.017 0.3667 -0.005788 -2.286
G -10.256 0.3983 -0.005444 - --
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Table E2. Species groups and length ranges used in Section IV.
CPS (12-50 cm)
Bigmouth buffalo
Golden redhorse
River carpsucker
Smallmouth buffalo
Shorthead redhorse
Goldfish
Quillback carpsucker
White sucker
Walleye
BLG (8-30 cm)
Bluegill
Longear sunfish
Orangespotted sunfish
Pumpkinseed
Redear sunfish
Fathead minnow (5 cm min.)
BLB (12-50 cm)
Black bullhead
Brown bullhead
Yellow bullhead
Channel catfish
Flathead catfish
CRP (10-40 cm)
White crappie
Black crappie
Striped bass
White bass
Yellow perch
Yellow bass
FRD (12-50 cm)
Freshwater drum
CAP (12-50 cm)
Common carp
LMB (12-55 cm)
Largemouth bass
Smallmouth bass
Bowfin
Grass Pickerel
Muskellunge
Northern pike
SHA (12-30 cm)
Gizzard shad
Threadfin shad
Bluntnose minnow
Brook silverside
Emerald shiner
Golden shiner
GSF (8-30 cm)
Green sunfish
Warmouth
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Figure El. Graph of AC boat electrofishing efficiency for four species groups based
on formulae in this appendix. Upper line illustrates efficiency at 0.5 m
inshore mean depth and 0% weed cover, lower line is efficiency at 1.5 m
mean depth and 50% weed cover. Shaded areas are outside bounds of use.
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Figure E2. Electrofishing efficiency as previously defined.
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Figure E3. Electrofishing efficiency data (top) and gill net efficiency data (bottom).
Gill net efficiency curves reflect fish length and length squared only.
For species group codes see previous section of this appendix.
85
0.*
APPENDIX F. Length-weight regression parameters used in estimating biomass
from raw length-frequency data.
Formula is as follows: Weight (g) = (a) x (Length) b
Species a b
LMB 0.0000041087 3.2112
BLG 0.000013608 3.0584
GZS 0.000012294 2.9570
CAP 0.000013207 2.8926
BGB 0.000009609 3.0850
BLB 0.000036392 2.9350
BLG 0.000011408 3.0332
BLS 0.000004457 3.1850
BOW 0.000010940 2.9920
BRB 0.000008690 3.0650
BRS 0.000006324 2.9470
CCF 0.0000015438 3.2764
EMS 0.000019498 2.7300
FCF 0.000004634 3.1380
FHM 0.000046345 3.2380
FRD 0.0000037703 3.1973
GOF 0.000045499 2.7320
GOR 0.000062806 3.0980
GOS 0.000004943 3.2940
GRP 0.000001718 3.2060
GSF 0.0000085173 3.1644
LOS 0.000016982 3.1600
MUE 0.000003451 3.2590
NOP 0.000002805 3.1220
ORS 0.000001236 2.5300
PUD 0.000018197 3.1856
RSF 0.0000074748 3.1992
RVC 0.000016749 2.9530
SAB 0.000057677 2.7360
SHR 0.000062806 3.0980
SMB 0.000003999 3.3561
THS 0.000023442 2.8000
ULL 0.000012023 3.1340
WAE 0.0000039756 3.1390
WAM 0.000031696 3.0490
WHB 0.0000094776 3.0342
WHC 0.0000015011 3.3835
WHS 0.000016406 2.9140
YEB 0.000016144 2.9730
YEP 0.000075336 2.6170
YLB 0.000023496 2.8706
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APPENDIX G. Guild definitions used in analysis of fish communities in Illinois
lakes.
Appendix G1. Reproductive guilds defined by Austen (1992).
(S1) nest-spawners with parental care, medium fecundity, relatively long duration
of spawning, spawn in the littoral zone on a wide variety of substrates though
primarily rock, gravel, sand, or silt. All centrarchids except for black bullhead.
(S2) parental care but mix of nest spawners and speleophils, most have short
spawning period, locate nests in shallow areas on rock, gravel, or sand with the
exception of the redear sunfish which tends to lay eggs on vegetation.
(S3) cavity nesters (speleophils) that provide parental care and spawn over a long
time period, but are of medium to low fecundity.
(S4) provides parental care and spawns over a wide variety of substrates but prefers
vegetation, medium to high fecundity with a short spawning period.
(S5) no parental care, egg broadcasters that spawn over a wide variety of substrates
in littoral zone of main lake, flooded vegetation or inflowing rivers, high
fecundity, relatively long spawning period.
(S6) diverse group but generally with no parental care, spawning over a long period
in shallow water throughout late spring and summer. This group includes a
pelagic spawner (brook silversides), a cavity spawner (fathead minnow), and
two species that spawn in inflowing rivers, but that have not been reported to
spawn in reservoirs (river carpsucker and quillback carpsucker).
(S7) pelagic spawners with eggs settling to the substrate or whatever they become
attached to, no parental care, long spawning season with eggs hatching
relatively quickly.
(S8) no parental care, high fecundity, but spawning period of short duration,
generally spawn in shallow water (or flooded vegetation as in muskellunge) but
can select deeper water or inflowing rivers (walleye).
(S9) open surface spawners with no or very little nest preparation, spawn in shallow
water, often in flooded vegetation (northern pike and grass pickerel) or in
inflowing rivers (golden redhorse, shorthead redhorse, and white sucker),
medium to high fecundity, short spawning period.
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(S10) pelagic or semi-pelagic spawners, no parental care, high fecundity, short
hatching period, spawn in inflowing rivers (obligate for striped bass) or a wide
variety of areas (gizzard shad and freshwater drum).
Classification of 42 Illinois fishes into reproductive guilds.
Group S1
Micropterus salmoides
Lepomis cyanellus
Lepomis megalotis
Lepomis gibbosus
Lepomis gulosus
Lepomis humilis
Lepomis macrochirus
Pomoxis nigromaculatus
Ameiurus melas
Group S2
Amia calva
Lepomis microlophus
Micropterus dolomieui
Pylodictus olivaris
Ameiurus nebulosus
Ameiurus natalis
Group S3
Pimephales notatus
Ictalurus punctatus
Group S4
Pomoxis annularis
Group S5
Cyprinus carpio
Ictiobus bubalus
Group S6
Labidesthes sicculus
Pimephales promelas
Carassius auratus
Notemigonus crysoleucas
Carpiodes carpio
Carpiodes cyprinus
Group S7
Notropis atherinoides
Dorosoma petenense
Group S8
Ictiobus cyprinellus
Esox masquinongy
Morone mississippiensis
Morone chrysops
Stizostedion vitreum
Perca flavescens
Group S9
Moxostoma erythrurum
Moxostoma macrolepidotum
Esox americanus
Esox lucius
Catostomus commersoni
Group S10
Dorosoma cepedianum
Aplodinotus grunniens
Morone saxatilis
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Appendix G (continued). Classification of 42 common Illinois reservoir species
into reproductive guilds as described by Balon (1975) with numbering
from Balon (1985) (asterisks denote species not originally placed in
guilds by Balon, but subsequently placed by Austen and checked by
Balon via personal communication). Numbers in parentheses indicate
spawning guild placement as described in previous page.
A. Non-guarders 6. Psammophil
1. Open substratum spawners Carpiodes carpio * (6)
1. Pelagophil Carpiodes cyprinus (6)
Notropis atherinoides (3)
Aplodinotus grunniens (10) B. Guarders
2. Litho-pelagophils
Stizostedion vitreum (8)
Dorosoma cepedianum (10)
Morone saxatilis (10)
3. Lithophil
Moxostoma erythrurum (9)
Moxostoma
macrolepidotum(9)
Catostomus commersoni (9)
4. Phyto-lithophil
Dorosoma petenense * (7)
Morone chrysops (8)
Perca flavescens (8)
Morone mississippiensis * (8)
Labidesthes sicculus (9)
5. Phytophil
Ictiobus bubalus * (5)
Cyprinus carpio (5)
Carassius auratus (6)
Notemigonus crysoleucas (6)
Esox masquinongy (8)
Ictiobus cyprinellus (8)
Exox americanus (9)
Esox lucius (9)
1. Substrate choosers
4. Phytophil
Pomoxis annularis (4)
2. Nest spawners
2. Polyphil
Lepomis gibbosus (1)
3. Lithophil
Ameiurus melas (1)
Lepomis cyanellus (1)
Lepomis humilis * (1)
Lepomis macrochirus (1)
Lepomis megalotis (1)
Lepomis microlophus * (2)
Micropterus dolomieui (2)
Pylodictus olivaris (2)
5. Phytophil
Lepomis gulosus * (1)
Pomoxis nigromaculatus (1)
Micropterus salmoides (1)
Amia calva (2)
7. Speleophil
Ameiurus nebulosus (2)
Ameiurus natalis (2)
Pimephales notatus (3)
Ictalurus punctatus (3)
Pimephales promelas (6)
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Appendix G3. Trophic guilds as defined in Austen (1992).
(T1) primary piscivore - larval stage feeds on small invertebrates but quickly
become piscivorous as juveniles and adults. This group includes all the
esocids, striped bass, black basses, and walleye.
(T2) generalized insectivore/invertivore - generally planktivorous as larvae
while juveniles and adults feed on insects and pelagic and benthic
invertebrates. Most of the sunfish fall into this group as well as yellow
perch, crappies, emerald shiner, and brook silverside.
(T3) herbivore/planktivore/detritivore - threadfin shad, gizzard shad, and
fathead minnow comprise this group which feeds on plankton, algae, and
detritus.
(T4) generalized planktivore - primarily planktivorous as larvae, but juveniles
and adults feed on a wide variety of invertebrates.
(T5) planktivore/omnivore - planktivorous as larvae but adults feed on a wide
variety of food.
(T6) insectivore/planktivore/invertivore - members such as carp and bigmouth
buffalo feed on a wide variety of invertebrates both in the water column and
as benthos.
(T7) benthic omnivore - a diverse group including bowfin and channel catfish
that feed on benthic invertebrates, detritus, but includes some piscivory as
adults.
(T8) benthic invertivore - primarily feed on benthic insects and other
invertebrates. Includes, among others, the redhorses, carpsuckers,
freshwater drum, and white sucker.
(T9) omnivorous piscivore - flathead catfish feeds on a wide variety of items, but
adults become efficient piscivores.
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Appendix G3 (continued). Trophic guilds as defined in Austen (1992).
Group T1
Micropterus salmoides
Esox americanus
Esox lucius
Micropterus dolomieui
Esox masquinongy
Morone saxatilis
Stizostedion vitreum
Group T2
Lepomis cyanellus
Lepomis megalotis
Lepomis gulosus
Lepomis humilis
Lepomis macrochirus
Pomoxis nigromaculatus
Pomoxis annularis
Notropis atherinoides
Perca flavescens
Morone mississippiensis
Morone chrysops
Labidesthes sicculus
Group T3
Dorosoma cepedianum
Dorosoma petenense
Pimephales promelas
Group T4
Carassius auratus
Group T5
Notemigonus crysoleucas
Group T6
Cyprinus carpio
Ictiobus cyprinellus
Group T7
Ameiurus nebulosus
Ameiurus natalis
Ameiurus melas
Ictalurus punctatus
Amia calva
Lepomis gibbosus
Group T8
Catostomus commersoni
Pimephales notatus
Ictiobus bubalus
Carpiodes carpio
Carpiodes cyprinus
Moxostoma erythrurum
Moxostoma macrolepidotum
Aplodinotus grunniens
Lepomis microlophus
Group T9
Pylodictus olivaris
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